Towards an assessment of the ATLAS data on the branching ratio
Recently the ATLAS Collaboration at CERN reported on the measurement of the branching ratio
The measured branching ratio RΛ b = 0.501 ± 0.033 (stat) ±0.019 (syst) was found to be lower than the covariant quark model prediction of RΛ b = 0.8 ± 0.1 calculated by us recently. We present a detailed analysis of the branching ratio RΛ b using a model-independent framework for the heavy-to-light form factors based on results from our previos papers.
I. INTRODUCTION
Recently the ATLAS Collaboration at CERN reported on the measurement of the branching ratio R Λ b = Γ(Λ [1] . The measured branching ratio R Λ b = 0.501 ± 0.033 (stat) ±0.019 (syst) was found to be lower than the expectation from the covariant quark model calculation [2] [3] [4] [5] [6] [7] [8] R Λ b = 0.8 ± 0.1 done by us recently [6] . Note, in Ref. [6] we have only listed the central value of R Λ b = 0.8 ± 0.1. The error on the branching ratio was determined using several overall fits to a wide spectrum of data on heavy hadron decays all with similar good χ 2 values. The set of fit values lead to branching ratios within 0.1 deviation from 0.8. We mention that there have been a number of theoretical quark model calculations for the decay Λ b → Λ + J/ψ based on the factorization hypothesis [9] - [15] two of which we will return to when we present our numerical results.
In Ref. [6] we have presented a detailed analysis of the branching ratio R Λ b using covariant quark model for the heavy-to-light form factors based on results from our previos papers. In particular, we have shown that our model transition form factors (see Ref. [7] for heavy-tolight transitions and Ref. [8] for heavy-to-heavy transitions) can be approximated to a high accuracy by the double-pole representation
where M 1 is the mass of the initial baryon and a and b are fit parameters. In the examples studied by us we noticed that the fit parameters are approximately related by b ≈ a 2 /4, i.e. the q 2 behavior of our form factors is very close to a dipole form
where M d is the dipole mass. The scale set by this mass is close to the value of the B s meson mass M Bs = 5.367 GeV in the case of the b → s transitions.
The main objective of the present paper is to show that the explicit value of the dipole mass is crucial to understand the branching ratio R Λ b . Our main result is that M d ∼ M Bs leads to R Λ b ∼ 1, while increasing/decreasing values of M d lead to decreasing/increasing values of R Λ b . In particular, the central ATLAS value R Λ b ∼ 0.5 would require a relatively large value of the dipole mass M d ∼ 10 GeV.
We start with the definition of the transition amplitude of the process B 1 (p 1 ) → B 2 (p 2 ) + W off−shell (q) which are described by the vector and axial vector current matrix elements M
The matrix elements can be expanded in terms of a complete set of invariants:
and
where M 1 and M 2 are the masses of the initial and final baryon, σ µq = i 2 (γ µ q − q γ µ ) and q = p 1 − p 2 . The labels λ i = ± 1 2 denote the helicities of the two baryons. For completeness we have also included the form factors F V /A 3 even though they do not contribute to the process Λ b → Λ + J/ψ, ψ(2S). They would determine the rate for the decay Λ b → Λ + η c .
In the heavy quark limit (HQL) the matrix element for the heavy-to-light b → s transition is given in terms of two (f 1 , f 2 ) form factors [16] [17] [18] . The HQL form factors depend on the variable p 2 · v 1 , where v 1 = p 1 /M 1 is the four-velocity of the Λ b . The matrix element now reads
where
In the HQL we have used the heavy (b quark) mass expansion for the Λ b mass [6] become related to the HQL form factors f 1,2 as follows [16] [17] [18] 
It is convenient to analyze the decay Λ b → Λ + V in terms of the helicity amplitudes H V /A λ2λV which are linearly related to the invariant form factors F V /A i (see details in Refs. [5] [6] [7] [8] )
where λ V is the helicity of the vector meson. From angular momentum conservation, one has
The helicity amplitudes read (see e.g. Refs. [5] [6] [7] [8] )
where we make use of the abbreviations
λ2,λV . The total left-chiral helicity amplitude is defined by the composition
The weak nonleptonic decays Λ b → Λ + J/ψ and Λ b → Λ + ψ(2S) are described by bilinear forms of the helicity amplitudes termed helicity structure functions. The relevant bilinear forms for the rate are
where the rate is proportional to H U + H L := H U+L . In the HQL the two helicity structure functions can be expressed in terms of the functions f 1 and f 2 as
The Λ b → Λ + V decay rate is given by
is the three-momentum of the decay products in the rest frame of the parent baryon, C eff = −0.262 is a combination of the relevant Wilson coefficients, f V is the decay constant (f J/ψ = 415 MeV, f ψ(2S) = 295.6 MeV) of the respective vector meson. The branching ratio R Λ b can be written in terms of a model independent factor R M given by (13) and a model dependent factor R H given by the ratio of the helicity structure functions H U+L evaluated at
such that
Note that the branching ratio R Λ b does not depend on the flavor and color dependent product of coefficients
Next we need to analyze the q 2 -dependence of the ratio R H . According to the ATLAS data R H must be close to 1 which implies a weak dependence of the helicity structure function on q 2 in the range between
Our recent analysis showed that due the dipole-like behavior of the form factors (2) with M d ≃ M Bs there is a sizeable growth of the rate structure function H U+L from
follows from the details of our dynamical quark model ansatz. Qualitatively, the growth of H U+L results from the simple picture of a dipole behavior of the form factors characterized by the mass scale Λ ≃ M Bs . The scale corresponds to the flavor composition of a t-channel meson exchange. Below we show details of our numerical analysis. In particular, we expose the dependence of R H on the dipole mass M d and show that the ATLAS result can be reproduced only with a relatively large value of the dipole mass M d ∼ 10 GeV which exceeds the mass scale set by the B s meson mass by 86 %. We want to emphasize that the dipole approximation is also a very good approximation for the q 2 -dependence of the b → c transition form factors in the decay Λ b → Λ c ℓ −ν ℓ [8] . Again the dipole mass of M d = 6.46 − 6.58 GeV is close to the (bc) mass scale of 6.28 GeV set by the B c meson mass.
The details of the calculations of the covariant form factors for the Λ b → Λ transition can be found in Ref. [6] . In particular, we used the following set of the con- Table 5 we present our results for the Λ b → Λ + V branching ratios and the ratio R Λ b considering different limiting cases: 1) exact, 2) exact taking into account only the leading form factors F In Fig. 7 we plot the dependence of the ratios R H and R Λ b on the dipole mass using an approximation where It is interesting to compare our results with the predictions of Refs. [14, 15] who have conveniently supplied parametrizations of their model form factors. The predictions of both models [14, 15] for the branching fraction B(Λ b → Λ + J/ψ) are close to our result. However, the predictions for the branching fraction B(Λ b → Λ+ψ(2S)) considerably differ from our result leading to very different results on the branching ratio R Λ b . The authors of [14] obtain R Λ b = 0.65, while the authors of [15] obtain a value of R Λ b exceeding 1. The result of Ref. [14] means that the value of their effective dipole mass is much larger than predicted by our approach.
For completeness we also present predictions of our model for analogous mesonic decays B → K +J/ψ, ψ(2S) using the covariant quark model results given in [20] . The B → K +J/ψ, ψ(2S) decay widths are calculated according to the formula
where H 0 is the scalar helicity amplitude given by [20] 
The form factor f + (M 2 V ) multiplies the Lorentz-structure (p 1 + p 2 ) µ and has to be evaluated for q 2 = M 2 V . The B → K transition form factors calculated in [20] are very close to a monopole formula
where M m is the monopole mass. In the case of the mesonic b → s transitions the monopole mass M m is of the order of 5 GeV. As before the branching ratio R B = Γ(B → ψ(2S)K)/Γ(B → J/ψK) can be written in terms of the two factors R B = R M R H , where R M = 0.515792 and R H depends of the transtion form factor f + according to Eq. (17). In Fig. 8 we display the dependence of the ratios R H and R B on the value of the monopole mass M m . Due to the monopole form of the mesonic transition form factors the dependence of R H and thereby R B on the monopole mass is weaker than in the baryon case. In particular, R B changes from 0.39 to 0.24 when M m changes from 5 to 10 GeV. The exact value R B predicted by our approach is R B = 0.34. This value is smaller than the experimental data on R B : 0.611 ± 0.019 (fit) and 0.603 ± 0.021 (average) [19] . The smaller ratio predicted by our model is due to the smaller branching for the B → ψ(2S)K mode Br(B → ψ(2S)K) = 3.5 × 10 −4 , while the experimental value is (6.27 ± 0.24) × 10 −4 (fit) and (6.5 ± 0.4) × 10 −4 (average) [19] . On the other hand, one should mention that our prediction for Br(B → ψ(2S)K) is close to the results of the BaBar Collaboration (4.9±1.6±0.4)×10 −4 [21] . In case of the B → J/ψK mode we calculate Br(B → J/ψK) = 9.6 × 10 −4 , which is in good agreement with data (10.27 ± 0.31) × 10 −4 (fit) and (10.24 ± 0.35) × 10 −4 (average) [19] . The cases of nonleptonic meson and baryon b → s transitions appear to differ only by the power-scaling of the transition form factors. The different powers in the form factors (monopole in the meson sector and dipole in the baryon sector) leads to smaller values of the branching ratio in the meson sector, i.e. one has R B < R Λ b . We hope that future experiments will clear up the picture on the branching ratios R Λ b and R B .
Let us summarize the main results of our paper. Using the covariant quark model we have analyzed the branching ratio : exact result (dotted line), double-pole approximation (curve 1) and dipole approximation (curve 2). : exact result (dotted line), double-pole approximation (curve 1) and dipole approximation (curve 2). 
